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Abstract 
It has been developed a bidimensional finite element model, which considers the thermal analysis of the material during the dry 
drilling of Ti6Al4V. Thermal loads that affect material have been calculated based on three-dimensional numerical models and 
the evolution of the torque experimentally measured in dry drilling of Ti6Al4V. Results of the numerical model have been 
compared with temperature values reached in the material at 1mm from drill wall that was obtained experimentally. The 
developed numerical model to determine the evolution of the temperature in the material obtained during the drilling process 
gives relevant information for the control of thermal damage due to machining. 
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1. Introduction 
Titanium alloys have low thermal conductivity which helps to achieve high temperatures in machining processes. 
On the other hand, this material is highly reactive at high temperatures [1], therefore it is necessary to control 
thermally the process. 
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Numerical model represents an interesting alternative to determine magnitudes hard to obtain experimentally. 
The thermal analysis of drilling process has mostly concentrated on investigating the drill bit temperature [2, 3]. 
Also, there are studies focused on analysis the workpiece temperature in drilling process [4-6]. 
The aim of this work is developing a numerical model based on the Finite Element Method to determine the 
temperature distribution in the material during dry drilling of titanium alloy Ti6Al4V. 
Due to the geometric complexity of the drilling processes itself and the effect of the heat accumulation in 
successive tool revolutions, the modeling of this kind of cutting process would require the employment of 
tridimensional models capable to deal with the chip formation in large cutting lengths. The huge computational cost 
of such models forced to use meshes with relatively large elements, which prevents good results in determining 
material temperatures at a certain distance from the area of chip formation [7]. Therefore, it is often necessary to 
apply different simplifications and approximations for the modeling of these processes [8]. 
2. Thermal numerical model 
In this work has been developed a finite element numerical model, multistep, bidimensional, which considers the 
thermal analysis of the material during the drilling process. The model is generated by a script in the Python code 
that runs on Abaqus (version 6.12). 
The model come into the performance of through holes Ti6Al4V plates of 14mm thickness using 6mm diameter 
twist drill and 140° point angle. The tool is a coated solid carbide TiAlN. It was considered dry drilling with a 
cutting speed of 50m/min and a feed of 0.07mm/rev. 
The model does not include the tool modeling neither the chip formation during the drilling process; it only 
considers the thermal behavior of the material during machining. Each step of the simulation, corresponding to a 
half revolution of the drill, consists in the removal of a material layer, applying a heat load to the walls and bottom 
of the hole and the subsequent heat dissipation. The layer thickness of removed material is equal to half of the feed 
per revolution (0.035mm). The total time of the sequence of operations performed in each step is 0.011 seconds. The 
model repeats the steps cyclically until the end of the drilling process simulation. In the case described in this paper 
it is necessary to simulate 432 steps. 
For the bidimensional modeling of the drilling process described, it has been simplified the geometry of the 
cutting edges so that it is considered that are located in the same plane. Thus, the simplified process has axial 
symmetry and it is possible to develop the model considering only half of the tool and workpiece. A constant angle 
of 140º along the entire tip edge is also established. 
The material has dimensions of 14mm in the feed direction (corresponding to the plate thickness) and 7mm in the 
orthogonal direction. During the drilling simulation a layer of length equal to the length of one of the cutting lips of 
the tool is removed ( projected length on the horizontal plane, 3 mm), leaving 4mm of wall material. This thickness 
of material is sufficient to dissipate the heat generated during machining. The thermal characteristics of the material 
are set forth in Abaqus for titanium alloy Ti6Al4V. 
The material corresponding to 3mm that is eliminated during each step of the drilling simulation is done in layers 
of height equal to feed per edge (0.035mm).  
The workpiece mesh has different densities according to region concerned (see Fig. 1). In some specific regions it 
was necessary to use triangular elements due to geometrical constraints. Otherwise, all the material elements were 
meshed with parallelepiped; height equal to 0.035mm. In the regions corresponding to the cutting lip 0.15mm length 
elements were used. The maximum density of material was defined in the new created surface, being the length of 
the elements in that region 0.01mm. The size of the elements increases farther away from the new created surface to 
reach lengths of 0.2mm. For the complete meshing of the material takes approximately 30,000 elements. 
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Fig. 1. Mesh and thermal field corresponding to one of the steps of the drilling simulation 
Due to the geometry of the drilling process, the heat load which receives the material due to the action of the 
cutting edges is variable along them. In the model, the edges are divided into eight sections in which it is considered 
that the heat flow into the material is constant: 
x Chisel edge: Divided into Section 1 and 2, both of length 0.447mm. 
x Cutting lip: Divided into 5 sections (Sections 3 to 7) of 0.460mm length. 
x Leading edge: One single section (Section 8) whose length is considered equal to 2 times the feed per edge 
(0.07mm) to consider the increase in effective length of the edge due to the effect of the deformation of the 
material in the cutting area. 
Heat fluxes on the material due to the action of the edges are obtained from the analysis of three-dimensional 
numerical models of drilling developed by FABDIS Research group of the Department of Mechanical Engineering 
at the Carlos III University of Madrid. Heat flow corresponding to Section 1 (closest to the axis of the tool) is 
applied continuously throughout the step (time equal to time corresponding to half a revolution of the drill bit). For 
the rest of the edge sections, the heat is applied for a certain period at the beginning of each step. 
Table 1 indicates, for each section of the edge, the heat power, the heat power per unit of area and the times 
during which they are applied. 
           Table 1. Heat power that acts on the material along the edge of the drill and time that is applied in every half revolution  
 Section 1 Section 2 Section 3 Section 4 Section 5 Section 6 Section 7 Section 8 
Heat power (W) 0.02 30 174 327 978 1343 1879 1650 
Heat power specified 
(W/m2) 
3.4E+4 1.7E+7 5.7E+7 7.6E+7 1.8E+8 2.0E+8 2.3E+8 1.3E+9 
Application time (s) 1.1E-2 2.3E-3 2.6E-3 1.8E-3 4.1E-4 3.2E-4 2.6E-4 1.3E-4 
During drilling, the material also receives heat due to friction of the drill to the hole wall and due to contact with 
the chip. It is possible to estimate the friction of the drill with the hole wall by analyzing the increase in the torque 
produced by increasing the depth of the hole. It was considered that 50% of the power corresponding to the 
increment of the torque acting on the material in the form of heat power. It have been increased by applying a 
coefficient of 1.5 to consider additional heating due to contact with the chips. 
Due to the slight conicity drill bits and the greater thermal expansion of the area of the edges, the heating of the 
hole wall is produced mainly in the lower area. In the thermal model developed heat is applied at the 3mm on the 
bottom hole wall. From experimental results obtained in the research group FABDIS, applying the methodology 
Maximum 
temperature point 
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described, it has been determined that the heating power that acts on the hole wall for conditions considered is 
7.0E+5(W/ m2). 
In the upper and lower surfaces of the material it is established a coefficient of convection to the atmosphere of 
0.02 N/(s·mm·ºC). 
3. Experimental validation of the numerical model 
The numerical model has been validated from drilling tests in which the temperature of the material was 
determined by thermocouples placed at 1 mm from the drill wall in three different positions located at 3, 7.5 and 11 
mm from the top surface of the material. Fig. 2 shows the corresponding assembly. 
 
 
 
Fig. 2. Specimen and device used for the measure of temperatures in the material 
Fig. 3 shows the evolution with time of the cutting temperature corresponding to the 3 positions where 
thermocouples were placed (Thermoc. in the graph). Numerical model results (Num. Mod. in the graph) show very 
good correlation with the experimental measurements. 
 
 
 
Fig. 3. Evolution of the temperature obtained experimentally and numerically in the position of the 3 thermocouples: a) Thermocouple 1 b) 
Thermocouple 2 c) Thermocouple 3 
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4. Temperature in the hole wall 
Numerical model allows determining the evolution of the temperature in the hole wall in order to obtain relevant 
information for the monitoring of thermal damage due to machining. 
Since the thermal action of the edges on the material is produced in pulses, the temperature in the hole wall 
undergoes significant fluctuations. Figure 4 shows the evolution of the temperature at a position 3 mm from the hole 
axis and 0.2mm from the bottom surface of the workpiece. The period of time corresponding to the simulation of 5 
steps in the model (5/2 revolutions of the drill) such that the cutting edge of the tool reaches the position indicated in 
the third step time is represented. At that time the maximum temperature is reached in the position considered in the 
hole wall (third local maximum in Figure 4). 
 
 
Fig. 4. Temperature evolution at a position 3mm from the axis of hole (hole wall) and 0.2mm from the bottom surface of the drilled material. 
In Figure 5 the maximum temperature reached in the hole wall is shown for different depths. In the central area of 
the hole temperatures of about 400 °C are reached. At the end of the drilling process, due to the impossibility of heat 
dissipation in the axial direction of the tool, heat accumulation reached temperatures of about 550ºC in the hole wall. 
Under the conditions considered in this study, the maximum temperature in the hole wall at 0.2mm from the lower 
surface of the material is 24% greater than that achieved when the distance to the bottom surface of the piece is 
3mm. 
   
 
 
Fig. 5. Evolution of the maximum temperature reached in the hole wall for different drilling depths 
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5. Conclusions 
It has been developed a finite element numerical model, multistep, bidimensional, which considers the thermal 
analysis of the materials during drilling of Ti6Al4V dry processes. Thermal loads that affect the material have been 
calculated based on tridimensional drilling numerical models and the evolution of the torque during drilling obtained 
experimentally. Have been compared results of the numerical model with temperature values reached in the material 
at 1mm from the hole wall obtained experimentally, observed a very good correlation. 
The numerical model allows determining the evolution of the temperature of the material obtained during 
drilling, getting relevant information for the control of thermal damage due to machining. It was verified that the 
maximum temperature reached in the hole wall is significantly higher in positions close to the bottom surface of the 
material. Accordingly, in areas close to the exit of the drill will be produced a larger thermal damage. 
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